Objective: To evaluate the hypothesis that educational attainment, a marker of cognitive reserve, is a predictor of disability-free recovery (DFR) after moderate to severe traumatic brain injury (TBI).
After moderate to severe traumatic brain injury (TBI), some patients experience lifelong disability while others with similar clinical characteristics achieve full recovery. This heterogeneity in outcome has been linked to patient-and injury-specific factors as well as physiologic disturbances encountered in the acute setting. However, existing prognostic models fail to provide a full or accurate account of the variance seen in TBI recovery. 1, 2 Cognitive reserve has been identified as a driver of the degree to which brain disorders are phenotypically expressed. 3 Among patients with Alzheimer disease, the extent of pathologic damage to the brain does not correlate directly with clinical signs of dementia. 4 The cognitive reserve hypothesis explains this discrepancy by proposing that individuals have inherent differences in their vulnerability to the effects of aging or brain lesions, and perhaps also in their capacity to adapt or compensate for such processes. 3 The cognitive reserve hypothesis is supported by studies demonstrating intrinsic lifestyle, neuroanatomical, and functional brain characteristics linked to disease expression. 5, 6 One of the factors most robustly associated with cognitive reserve is the level of educational attainment. Hence, educational attainment is widely accepted as a valid surrogate marker for underlying cognitive reserve. 7 Studies of cognitive reserve have focused primarily on patients with evolving chronic neurodegenerative conditions such as Alzheimer disease, HIV, or multiple sclerosis. 5, 8, 9 The relevance of this paradigm to the clinical expression of TBI remains poorly understood. 10, 11 We hypothesized that educational attainment, a marker of cognitive reserve, would predict functional recovery in individuals with moderate to severe TBI. METHODS Standard protocol approvals, registrations, and patient consents. After approval from the Institutional Review Board of the Johns Hopkins Medical Institutions and from the TBI Model Systems Study Group, we successfully applied for access to datasets collected in the TBI Model Systems cohort. The TBI Model Systems is a prospective, multicenter, observational study, supported by the National Institute on Disability and Rehabilitation Research and the US Department of Education, which examines recovery and outcomes associated with acute neurotrauma and inpatient rehabilitation. 12 To be enrolled in the TBI Model Systems cohort, patients must be at least 16 years of age at the time of injury, admitted to a TBI Model Systems participating emergency department (ED) within 24 hours of injury, receive both acute care and inpatient rehabilitation in hospitals designated as TBI Model Systems centers, and provide informed consent. Follow-up interviews of TBI Model Systems patients are conducted 12 months postinjury via a standardized assessment protocol. 13 Patients were included in the current study if they had moderate to severe TBI (Glasgow Coma Scale [GCS] score on arrival in the ED of 12 or less), were 23 years or older at the time of injury, entered inpatient rehabilitation after September 30, 2007, and had completed at least 1 year of postinjury follow-up as of January 15, 2011. The lower age cutoff was selected so that it would be theoretically possible for all individuals to have had the opportunity to pursue formal education for 16 years at the time of their injury. Subjects were excluded from the study if their education level and other important information concerning their demographics, injury, or outcome were not available. Individuals were also excluded if there was an indication of any premorbid physical or mental condition that limited their ability to work (see figure 1 ).
The primary predictor variable of interest was educational attainment measured in years. Specifically, education was examined as a categorical variable with the first category corresponding to an incomplete high school education (,12 years of education), the second corresponding to high school completion with some postsecondary education (12-15 years of education), and the third corresponding to sufficient years of education to achieve at least an undergraduate degree ($16 years of education).
The primary outcome variable was disability-free recovery (DFR), defined as a score of zero on the Disability Rating Scale (DRS) assessed 1 year postinjury. The DRS is a quantitative instrument that has been extensively validated in the TBI population. 1, 14 Components of the DRS include assessments of arousal and awareness, ability to handle self-care functions, physical dependence on others, and psychosocial adaptability for work, housework, or school. The scores range from zero (no disability) to 29 (complete disability). The DRS score was dichotomized between zero and greater than zero because this demarcation is thought to be highly relevant from a patient-centered standpoint. A DRS of zero is defined as the ability to completely resume preinjury occupational activity (work or education). While a DRS score of zero indicates freedom from significant disability, this scale is not designed to evaluate cognitive impairments, and a DRS score of zero does not exclude the possibility of subtle functional challenges.
Statistical analysis. We identified subjects who achieved DFR and compared their characteristics with those who did not (DRS score .0 at 1 year postinjury). Univariate differences in group variables were examined using parametric and nonparametric tests where appropriate (Student t test, Wilcoxon rank-sum test, analysis of variance, and x 2 test). Multivariable logistic regression was used to quantify the relationship between educational attainment and DFR, adjusting for factors known or observed to be associated with educational attainment or functional outcome. The final logistic regression models examined the odds of achieving a DFR (DRS score 5 0) across education levels, controlling for age, sex, GCS motor score at the time of arrival in the ED, the presence of circulatory shock in the ED, the presence of subarachnoid hemorrhage or intraventricular hemorrhage, or brain compression on initial CT scan, as well as DRS score at admission to rehabilitation. An age-based subset logistic regression analysis was conducted examining the relationship between educational attainment and DFR in individuals aged 50 years and older using the same modeling parameters above. Also, while the principal outcome of interest was DFR, analysis Characteristics of the study population are detailed in table 1. The mean age of patients with 16 or more years of education was 54.3 years, compared with 48.6 years in the group with 12 to 15 years of education and 46.9 years in the group with fewer than 12 years of education (p , 0.001). Subjects with fewer than 12 years of education were less likely to be female (17.8%), compared with those who had 12 to 15 years (30.3%) and those with 16 or more years (29.4%) of education (p 5 0.006). Individuals with at least 16 years of education were more likely to be white (83.0%), compared with those who had 12 to 15 years (72.1%) or those with fewer than 12 years (51.9%) of education (p , 0.001). Mean GCS motor score in the ED was higher in the group with 16 or more years of education (4.9), compared with those who had 12 to 15 years (4.6) and those with fewer than 12 years (4.5) of education, but this difference was not significant (p , 0.094). Motor vehicle crashes were the most common mechanism of injury across all groups, involving 47.0% of those subjects with fewer than 12 years of education, 53.6% of those with 12 to 15 years, and 44.9% of those with 16 or more years; falls were less common in individuals with fewer than 12 years (30.8%) or 12 to 15 years (30.3%) compared with those having 16 or more years (42.3%) of education, with other mechanisms of injury being most common among those with fewer than 12 (22.2%) vs 12 to 15 (15.9%) or 16 or more (12.9%) years of education (p 5 0.024). No other significant differences were observed across the 3 education groups for either demographic or injuryrelated variables. There was also no difference across education groups for mean DRS score at admission to inpatient rehabilitation or length of stay in inpatient rehabilitation.
One year after injury, DFR was achieved by 214 patients (27.8%), of whom 18 (9.7%) had fewer than 12 years of education, 120 (30.8%) had 12 to 15 years, and 76 (39.2%) had 16 or more years of education (p , 0.001). Overall, mean DRS scores at the time of admission did not differ across education groups (11.1 [SD 4.9] for ,12 years vs 11.0 [SD 4.9] for 12-15 years vs 10.7 [SD 5.2] for $16 years; p 5 0.688); however, mean DRS scores were significantly different across groups at 1 year postinjury (3.9 [SD 3.5] for ,12 years vs 2.4 [SD 2.9] for 12-15 years vs 2.0 [SD 3.1] for $16 years; p , 0.001) (figure 2). The distributions of DRS scores at the time of admission rehabilitation and at 1 year postinjury are represented in figure 3 .
In multivariable logistic regression, educational attainment was independently associated with DFR (odds ratio [OR] 4.74, 95% confidence interval [CI] 2.70-8.32 for 12-15 years; OR 7.24, 95% CI 3.96-13.23 for $16 years). Increased patient age and rehabilitation length of stay were associated with reduced odds of DFR (OR 0.41, 95% CI 0.28-0.62 and OR 0.97, 95% CI 0.96-0.99, respectively), and higher DRS scores at admission, by quartile, demonstrated (quartiles 2 and 4) or trended toward (quartile 3) reduced odds of DFR (see table 2 ).
In a sensitivity analysis of subjects aged 50 years and older (n 5 341), education retained its independent association with DFR (OR 4.11, 95% CI 1.71-9.88 for 12-15 years; OR 5.22, 95% CI 2.12-12.83 for $16 years); aside from educational attainment, the only other significant predictor of DFR was high disability on admission to rehabilitation (lowest DRS score quartile, OR 0.32, 95% CI 0.12-0.85). A further multivariate analysis was completed to evaluate individuals with 20 or more years of education (n 5 32). In this model, individuals with 20 or more years of education had a 9-fold increased odds of DFR compared with individuals with fewer than 12 years of education (OR 9.33, 95% CI 3.78-23.01), adjusting for the factors mentioned above. DISCUSSION Our findings, obtained from a large, prospective, multicenter cohort, demonstrate that more than one-quarter of patients with moderate or severe TBI who undergo intensive rehabilitation are free of significant functional impairment 1 year after injury. In addition, we found that preinjury educational attainment is a strong independent predictor of longterm functional outcome in this population. The plausibility of this result is supported by a graded "dose-response" relationship whereby higher levels of educational attainment were associated with greater odds of achieving functional independence. The association between education and functional outcome was maintained even after adjustment for other major outcome classifiers. Taken together, these data indicate that educational status, a marker of cognitive reserve, is a major and largely unaccounted determinant of functional recovery after TBI.
A substantial body of evidence generated from the study of patients with progressive neurologic disorders, such as Alzheimer disease, HIV encephalopathy, and multiple sclerosis, indicates that cognitive reserve is a fundamental factor modulating disease expression. 8, 15, 16 Despite these converging results, a unifying biological theory of cognitive reserve is lacking, highlighting the need for hypothesis-driven translational research in this area. 3 Recent studies suggest that the variability in recovery from TBI may be driven by differences in brain anatomical 17 and functional 18, 19 connectivity. While such connectivity differences may reflect heterogeneity in the severity of injury, it is also possible that they reflect preinjury differences in cognitive reserve. Research is needed to unravel the complex relationships among preinjury variables, including cognitive reserve, injury severity, and postinjury reparative and compensatory factors. Clarification of cognitive reserve biology and its link to neural plasticity could identify targets for interventions to improve outcomes for patients with neurologic disease and injury, including TBI. 20 A few clinical studies support the view that cognitive reserve modulates recovery after acute disorders such as ischemic stroke 21 and TBI. 10, 11 In a study of 25 patients who underwent brain MRI scanning before TBI, patients with lower preinjury total intracranial volume and educational status had lower postinjury IQ regardless of injury severity. 10 In a retrospective analysis of 52 children who had neuropsychological testing before and after TBI, premorbid test scores were not predictive of postinjury performance. 11 Neither of these 2 studies evaluated functional outcome, nor was there any adjustment for covariates that might contribute to post-TBI outcome.
Our data indicate a robust association between educational attainment and functional recovery in a large sample of patients after TBI; however, limitations of the study must be recognized. First, it is important to acknowledge that educational attainment is a surrogate, and not a direct, marker of cognitive reserve. While available published research supports the construct of education as a marker of reserve, it remains unclear whether higher educational achievement is causatively linked to greater cognitive reserve, results from it, or both. 7, 16 Educational attainment itself is not solely reflective of intellectual or cognitive abilities. Motivation to succeed and self-discipline, as well as socioeconomic status, are likely also associated with higher levels of education and may have important roles in determining the degree of post-TBI recovery.
A second limitation is that only patients admitted to TBI Model Systems inpatient rehabilitation facilities were studied; therefore, findings may not be generalizable to the other TBI populations. Third, only patients with moderate to severe TBI were included, and although we suspect that cognitive reserve may have an important role in functional outcomes among individuals with milder forms of TBI, this cannot be extrapolated from our data. Fourth, beyond whether preinjury work limitations existed, we did not evaluate the role of preinjury occupational or socioeconomic status (the data were not available), other physical or psychiatric difficulties, or alcohol/substance abuse, each of which might be significant effect modifiers in TBI recovery. Nevertheless, recent work in cohorts of elderly patients indicates that educational attainment is a more robust and independent predictor of later cognitive performance than occupation. 7 Fifth, a single year of follow-up may be insufficient to enable an adequate understanding of how cognitive reserve, as measured by educational attainment, relates to lifelong functional ability in patients with TBI. Sixth, in analysis of subsets of patients, particularly the subset with more than 20 years of education, the small number of eligible individuals limits our power to definitively detect meaningful differences. Seventh, it is possible that our exclusion of patients who had been chemically paralyzed in the ED or who were missing ED GCS data, or those for whom 1-year DRS scores were unavailable may have biased our results substantially. Lastly, the DRS is a relatively simple tool that is heavily biased toward the assessment of functional capacity and may fail to capture subtle but clinically important neuropsychological impairments. Recovery without disability, as measured using the DRS, was achieved in a substantial proportion of subjects with moderate to severe TBI who underwent inpatient rehabilitation. This study provides evidence that educational attainment, a marker of cognitive reserve, is associated with a substantially increased likelihood of recovery in this setting. Research is needed to elucidate the biological mechanisms of cognitive reserve and how this process is related to learning, education, injury, and resilience. It is expected that exploring these relationships will help identify interventions to promote greater degrees of recovery after TBI.
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